helical conformations (Hall & Spiegelman, 1961; Bautz & Hall, 1962) , a phenomenon that is possible only with polynucleotides having complementary sequences (Marmur & Lane, 1960; Eigner & Schildkraut, 1960;  Marmur, Rownd & Schildkraut, 1963) . On the other hand, ribosomal RNA from Escherichia coli hybridizes with only a very small fraction of DNA (Schildkraut, Marmur, Fresco & Doty, 1961; Yankofsky & Spiegelman, 1962) . Pronounced differences in nucleotide sequence may also be deduced from comparative studies of the acid-base properties of RNA and DNA (Cox, 1961 (Cox, , 1963a .
Since reticulocytes synthesize mainly one protein, haemoglobin, and would therefore be expected to contain relatively homogeneous ribosomes and ribosomal RNA, the present work has concentrated on the isolation of RNA from reticulocyte ribosomes in good yield (cf. and on a study of its physicochemical properties. It is shown that RNA may be isolated from rabbitreticulocyte ribosomes in more than 90 % yield and that whatever the method of isolation the ribosomal RNA consists of an approximately equimolar mixture of two species having sedimentation coefficients, S20wu of 16-8s and 298s. In contrast with denatured (single-stranded) DNA, the acidbase properties ofreticulocyte-ribosomal RNA agree with a nucleotide sequence favouring the formation of relatively-stable ordered domains which include the majority of cytosine and (an equivalent number of the complementary) guanine residues. Also, there appear to be occasional sequences rich in adenine residues, which may form ordered domains in acidic but not in neutral solution.
MATERIALS AND METHODS
Chemical. Guanidinium chloride (about 6M) was prepared by neutralization of AnalaR guanidinium carbonate with conc. hydrochloric acid.
Bentonite (Fisher Scientific Co., Fair Lawn, N.J., U.S.A.) was equilibrated with buffer (5 mM-MgCl2 in 1 mmpotassium phosphate, pH 7) at 40, and a fraction sedimenting within the range 6000-15000g for 20 min. at 20°w as retained.
Pancreatic ribonuclease was obtained from C. F. Boehringer und Soehne, G.m.b.H., Mannheim, Germany.
Sodium dodecyl sulphate was recrystallized from aqueous ethanol. Solutions (1%, w/v) were stabilized by traces of butanol.
Phenol was redistilled immediately before use. Polyadenylic acid (poly-A) and polyuridylic acid (poly-U) were given by Professor P. Doty. The complex poly-(A +U) was formed by the interaction of equimolar poly-A and poly-U in 0 1 M-sodium phosphate, pH 7. Oligoguanylic acid was a gift of Dr A. M. Michelson.
Ribosomal preparation8. Reticulocytes were obtained from rabbits that had been given daily intraperitoneal injections of neutralized 2-5 % (w/v) phenylhydrazine hydrochloride (0 3 ml./kg.) for 6 or 7 days; the cells were lysed in 5 mM-MgCl2, and ribosomes were isolated by differential centrifuging (Schweet, Lamfrom & Allen, 1958) .
Analyses. Nitrogen was determined by the Dumas method. Phosphorus was determined gravimetrically as ammonium phosphomolybdate after dry combustion.
Ultracentrifuging. A Spinco model E ultracentrifuge equipped with ultraviolet optics was used in sedimentation studies of RNA (about 0-04 g./l.) in 50 mM-phosphate buffer, pH 7. Photographs were taken at 4 min. intervals after the rotor (the temperature of which was about 200) reached 
Spectrophotometry. Absorption spectra and extinctions
were measured with a Unicam SP. 500 spectrophotometer fitted with thermospacers. The cell holder was an electrically-heated copper block (Cox, 1963a) . The observed extinctions measured at temperatures other than 200 were corrected for the thermal expansion of water.
Measurement of pH. The electrometric-titration technique has been described by Cox & Littauer (1963) . A model 39A E.I.L. pH-meter (Electronic Instruments Ltd., Richmond, Surrey) accurate to better than ± 0 005 pH unit was used in the spectrophotometric studies. Electrodes covering the range pH 0-14 were used for both electrometric and spectrophotometric studies.
RESULTS
Isolation of ribonucleic acid by precipitation as the guanidinium salt A suspension of ribosomal particles (10 mg./ml.) in medium A [sucrose (0-25M), potassium chloride (25 mM), magnesium chloride (5 mM), tris (50 mM), pH 7.6] was mixed at 00 with 5 vol. of 5M-guanidinium chloride containing EDTA (33mM), pH 4 5-5.0. After 30 min. the RNA that was precipitated was isolated by centrifuging (3000 rev./min.), and washed successively with 6 M-guanidinium chloride, 0-2M-EDTA, pH 7, and ethanol.
The product was extracted several times with water (or with dilute neutral salt solutions such as 10 mM-tris, 2 mM-EDTA, or 1 mM-potassium phosphate), which contained bentonite (1 mg./ml.) to inhibit traces of ribonucleases that were present (Brownhill, Jones & Stacey, 1959; Singer & Fraenkel-Conrat, 1961) , until dissolution was complete (Table 1) . A pellet of aggregated bentonite and residual protein was generally found after this treatment. The RNA was converted into the potassium salt by passing through a sterile column (10 cm. x 2 cm. diam.) of a cation-exchange resin (Amberlite IR-120 or Amberlite IRC-50; chromatoVol. 89 575 graphic grade; K' form) at pH 4-7. Residual bentonite was removed by centrifuging (12 000 rev./min. at 00). A N:P ratio of 1 72 was found for the potassium salt of RNA compared with a theoretical value of 1-76 (Wallace & Ts'O, 1961) . Ribonucleoprotein, RNA and ribosomal protein (which was recovered by dialysis of the guanidinium chloride supernatant against water) were characterized by theirultraviolet-absorption spectra (Fig. 1 ).
The sedimentation pattern (Fig. 2a) of a dilute solution of the guanidinium salt of RNA (0-04 Arnstein, 1961) . (e) RNA from ribosomes before preincubation. (f) RNA from ribosomes preincubated according to the method of Nirenberg & Matthaei (1961 Boedtker, Moller & Klemperer, 1962) in the presence or absence of bentonite, or by dialysis at 40 for 24hr. against buffer [sucrose (0.25M), potassium chloride (25mM), magnesium chloride (5 mM), tris (20 mM)].
Satisfactory results were obtained with washed and unwashed ribosomes since the extraneous protein was soluble in 4M-guanidinium chloride. No change in the sedimentation pattern, except possibly a sharpening of the boundaries, was found when the isolation was carried out at -180 or when guanidinium chloride was slowly added. In one experiment guanidinium chloride (3 ml.) was allowed to diffuse at -18°into a suspension of ribosomes in a mixture of medium A (0.4 ml.) and glycerol (0.6 ml.). Guanidinium chloride solution (6M) containing magnesium chloride (5 mM) was also added slowly (3 ml. at the rate of 5,1u./min.) to a suspension of ribosomes in glycerol. The yield of RNA was about 95 %.
The critical steps in this method are, first, the precipitation of RNA, secondly, the dissolution of the precipitate, and thirdly the inhibition and removal of ribonucleases. The precipitation of the purified potassium salt from 4M-guanidinium chloride solutions depended on pH, the concentration of Mg2+ ions and temperature. Precipitation occurred at 00 at pH 5-5 or below (Fig. 3a) , or at pH 7 when the concentration of Mg2+ ions was greater than 0 5 mm (Fig. 3b) or when 0 5-1 0 vol. of ethanol was added. Recoveries of 85 % were obtained at 0° (Table 2 ) and of about 95 % at -18.50. The concentration of RNA was generally greater than 0-5 mg./ml.; no precipitate was given by concentrations less than 0.1 mg./ml. The solubility of the precipitate in water was the same in all cases. When protein was present the precipitation of RNA was less consistent but was always achieved by the addition of ethanol. No major differences in the sedimentation pattern were observed for fractions having different solubilities in guanidinium chloride.
Frequently, more than one extraction with water was necessary for the dissolution of the guanidinium salt (cf. Tashiro, Shimidzu, Inouye & Kakiuchi, 1960) . As shown in Table 2 . Yield of ribonucleic acid isolated from ribosomes by precipitation as the guanidinium salt Blood was taken from an anaemic rabbit about 23 hr.
after injection with 0-5 mc of [32P]phosphate, and reticulocyte ribosomes were isolated. RNA was precipitated out when guanidinium chloride was added to a suspension of the ribosomes. The precipitate was washed with guanidinium chloride, dissolved in 10 mM-EDTA (5 ml.), and then precipitated with ethanol (15 ml.) and potassium acetate (100 mg.). A sample (0 1 ml.) of the aqueous solution was evaporated on a glass slide (2 cm.2) and the radioactivity was measured. The radioactivity of the combined guanidinium chloride solutions (25 ml.) and of the combined ethanol solutions (35 ml.) were measured in the same way. The total radioactivities are given. peated several times but did not lead to a completely stable product. After ion-exchange chromatography, as described above, however, RNA solutions were stable at 370 for 2 hr. Effects of previous history of ribosomes. The sedimentation pattern (Fig. 2d ) of RNA isolated from ribosomes pretreated with ribonuclease according to the method described by Arnstein (1961) was broader than that of the control (Fig. 2c) , although two species with S %,, values of 16-8s and 29-8s were still present. RNA isolated from preincubated ribosomes prepared by the method of Nirenberg & Matthaei (1961) was generally similar in sedimentation behaviour to that of the control (Figs. 2e and 2f) .
Ribosomes isolated from the cell sap by centrifuging at 1050OOg for 1 hr. were characterized in medium A by sedimentation coefficients of 80s, lOOs and higher (Arnstein & Cox, 1963) . Residual ribosomes (80s) sedimented from the cell sap on centrifuging at 105000g for a further hour. After the first ultracentrifuging step the cell sap was brought to pH [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] with N-acetic acid to precipitate residual ribosomes and activating enzymes; the precipitate was then redissolved in medium A; the residual ribosomes were then isolated by ultracentrifuging. RNA was isolated from both the bulk and the residual ribosomes and the same sedimentation pattern was found in both cases (cf. Fig. 2a) .
Isolation of ribonucleic acid by sodium dodecyl sulphate treatment In a typical experiment ribosomes (0 10 mg.) were added to 1 % (w/v) sodium dodecyl sulphate (1 ml.) at 200 and the solution was made 0-1M with respect to phosphate buffer, pH 7. No species with S20,w greater than 8 s were observed on centrifuging. Improved results were obtained when the solution was cooled immediately after the addition of ribosomes in order to remove protein by coprecipitation with the sodium dodecyl sulphate, or when the solution was immediately subjected to cation-exchange chromatography at 4°. The sedimentation pattern (Fig. 4) showed two distinct boundaries and was similar to that of RNA prepared by the guanidinium chloride method. The slower-sedimenting species (S20,w = 17s) accounted for two-thirds of the ultraviolet absorption and the remaining one-third was associated with the fastersedimenting species (S20,w = 30s). RNA was obtained by the guanidinium method from the same batch of ribosomes and gave a sedimentation pattern almost identical with that shown in Fig. 2a .
Isolation of ribonucleic acid with phenol A washed ribosomal pellet (43 mg.), water (4 ml.) and aq. 90 % (w/v) phenol (4 ml.) were emulsified at 00 in a Dounce homogenizer. Aq. 45 % (w/v) phenol (6 ml.) was added to the emulsion which was then shaken at 40 for about 18 hr.
The emulsion was broken by centrifuging at 12000 rev./min. for 15 min. at 4°. The aqueous phase was separated off. The phenol phase was extracted with water and the water phase with phenol. The aqueous phases were combined and shaken with phenol, and traces of phenol were removed by extraction with peroxide-free ether. The yield of RNA was 6-3 mg. Three distinct boundaries (S20w values of about 4s, 17s and 30s)
were observed on ultracentrifuging. The sedimentation pattern is given in Fig. 5a . Further extraction of the phenol phase with water yielded 1 mg. of RNA, which was polydisperse (Fig. 5c) . Similar results were obtained for ribosomes that were first suspended in sodium deoxycholate (0-5 %) for a few minutes, diluted with 10 vol. of medium A, reisolated by centrifuging and then treated with phenol as described above.
The presence of bentonite (5 mg./ml.) in the aqueous phase throughout the isolation did not improve the yield or materially affect the sedimentation pattern.
In a parallel experiment, ribosomes (about 50 mg.) were suspended in buffer (4 ml. of medium A), and water (10 ml.) containing bentonite (5 mg./ml.) and aq. 90 % (w/v) phenol (10 ml.) were added. The emulsion was shaken at room temperature for about 18 hr. The aqueous phase was extracted three times with an equal volume of phenol, and then freed from phenol by extraction with ether. The yield of RNA was about 10 mg.
The presence of two major components (S20,w = 17s and 29s) was deduced from the sedimentation pattern (Fig. 5b) .
In one experiment it was found that the yield of RNA increased from about 24% to about 60% when the temperature of the phenol extraction was increased from 40 to 600 or when EDTA (33 mM) was added to the aqueous phase. These procedures led to a polydisperse product (cf. Fig. 5c ). 
Spectrophotometric-titration
The spectrum of RNA from rabk in, for example, 01 M-sodium phos] on pH and temperature. The result in Fig. 6 further by about 20 % over the range 28-85°( curve III). The extinction at pH 3-0 at 250 was about 11 % higher than at pH 7 and increased regularly by 13 % over the range 25-85°(curve IV).
The changes in the spectrum of RNA at 220 on titration to pH 2 5 are summarized in Fig. 7 , where the E280: E2680 ratio, and relative values of E260 (Fig. 7 b) , are plotted as a function of pH. When RNA was titrated with acid in 3 mM-sodium chloride the E280: E260 ratio increased over the 75 100°range pH 3-5-5*5. The extinction at 260 m/L was greater by 7 % at pH 3 than at pH 6 10, and the increase was found to take place over the range sorption spectrum pH 3-5-4 5 where values of E280: E260 increased rve I (O), pH 7; most rapidly.
H 3-60; curve IV The spectrophotometric-titration curves depended on the concentration of added salt. The same limiting value of E280 E280 was attained in 3 mM-NA isolated by sodium chloride made 5 mm with respect to sodium ition to prepara-acetate (curve II of Fig. 7 a) as in 3 mM-sodium vations of Hall chloride although the changes in the spectrum occurred over a lower pH range, and 50 % of the total increase in E280 E26 was observed at pH 4 0.
8tUdieS
Increasing the salt concentration to 01 M with )it reticulocytes respect to Na' ions (80 mm-sodium chloride made phate depended 20 mm with respect to sodium acetate) or to 50 mMts are expressed sodium dihydrogen phosphate led to a suppression Le extinction at of ionization, as measured by the E280 E260 ratio, were heated at since the mid-point of the titration curve (curve III reased by about of Fig. 7a RNA (0.63 mg./ml.) was also titrated electrometrically with acid (10 mM-hydrochloric acid) from pH 7 to pH 3-5 (curve I) and then backtitrated with alkali (10 mM-sodium hydroxide) to pH 7 (curve II). Although curves I and II were repeated on subsequent titration cycles they were not identical, and in general the number of equivalents of acid bound by RNA at a particular pH was greater on back-titration with alkali (curve II). The differences (curve II-curve I) on forwardand back-titration in the numbers of equivalents of acid bound/4 g.atoms of P over the range pH 3-5-7-0 are given (Fig. 7c) .
Solutions of RNA in 50 mM-sodium phosphate were titrated with alkali. The changes in the spectrum are summarized as the changes in the E230:E260 ratio (Fig. 8a,) in the E270:E260 ratio (Fig. 8 b) and in the E260 (Fig. 8 c) . The major changes occurred over the range pH 10-11-7. The ionization of uracil residues appears to be measured by the E230:E260 ratio, whereas the ionization of guanine residues appears to be measured by the E270:E260 ratio. Thus on titration of polyuridylic acid with alkali the E230:E260 ratio increased from 0-245 to 0-990, whereas the E270:E260 ratio varied between 0-793 and 0-806, the mean value being 0-80. Titration-of the complex poly-(A+ U) with alkali led to an increase in the E230: E260 ratio from 0-340 to 0-575, whereas the E270:E260 ratio was 0-767 over the range pH 8-42-10-56 and 0-738 over the range pH 10-76-12-00. The change over the range pH 10-56-10-76, over which E260 increased by 20%, is attributed to changes in the spec- titrated with alkali, the E230: E260 ratio was constant at 0-424 over the range pH 8-80-11-80. The extinction at 260 mp increased by 14 % over the range pH 9 5-11 5. The changes in the spectrum of RNA on titration with alkali are entirely consistent with the view (Cox, 1961; Cox & Littauer, 1963) that, over the range pH 8-10, ionization of guanine and uracil residues (pK 9 70 in 0 2M-sodium chloride; Warner & Breslow, 1958 ) is suppressed, owing to secondary structure, and that increasing the pH still further leads to a co-operative transition to the unfolded form of RNA as denoted by the increase in E260. DISCUSSION Isolation of ribosomal ribonucleic acid Current methods for the isolation of cytoplasmic RNA from mammalian cells are based chiefly on either extraction with phenol-water mixtures (Kirby, 1956; Colter & Brown, 1956; Laskov, Margoliash, Littauer & Eisenberg, 1959) or on the dissociation of protein from RNA by detergents, followed by denaturation of the protein (Hall & Doty, 1958) , e.g. by extraction with chloroformpentanol mixtures (Ts'O & Squires, 1959) or with phenol-water mixtures (Hall & Doty, 1959 Colter, Bird, Moyer & Brown, 1957) . Concentrated sodium chloride solutions have also been used to precipitate RNA from the cytoplasmic fraction (Tashiro et al. 1960) . Guanidinium chloride (2M) was used by Volkin & Carter (1951) and by Grinnan & Mosher (1951) for the isolation of cytoplasmic RNA which was of moderate molecular weight, and by Reichmann & Stace-Smith (1959) and by Kawade (1960) for the isolation of RNA from plant viruses. The observation by Sela, Anfinsen & Harrington (1957) that pancreatic ribonuclease is inactive in 4M-guanidinium chloride encouraged us to persevere with this reagent. The method of isolating RNA from ribonucleoprotein particles by precipitation as the guanidinium salt described in the present paper gives essentially quantitative yields of a product that has sedimentation properties similar to those of RNA obtained by extraction with phenol or by treatment with sodium dodecyl sulphate. The quality of the RNA, however, as judged by the amount of the faster-sedimenting component and the sharpness of the boundaries, compared favourably with that of RNA obtained by the other methods. The method is probably generally applicable to ribonucleoprotein particles, since ribosomal RNA was also isolated by precipitation as the guanidinium salt (R. A. Cox, unpublished work) from guinea-pig-reticulocyte ribosomes, rabbitliver ribosomes and ribosomes from Bacillus cereus. In each case two components were observed: those of B. cereus RNA had S2G,W values of 17s and 24s (cf. E. coli RNA; Kurland, 1960) , and those from other sources had S20 , values of about 17s and 30s (cf. Colter & Brown, 1956; Timasheff, Brown, Colter & Davies, 1958; Hall & Doty, 1959) . In addition it appears to be useful also for the isolation of the ribosomal protein.
Physicochemical properties of ribosomal ribonucleic acid Sedimentation studies. The sedimentation properties of RNA isolated from rabbit-reticulocyte ribosomes depended on neither the ability of the nucleoprotein particles to form higher aggregates nor on the extent to which ribosomal particles function in the incorporation of labelled amino acids into peptide linkage [cf. RNA from normal ( Fig. 2a) and preincubated ( Fig. 2e) ribosomes (Arnstein, Cox & Hunt, 1962) ]. These observations are in agreement with the view that both aggregation of ribosomes and their metabolic activity are attributable to 'messenger' RNA rather than to differences in the bulk of the ribosomal RNA. Hence, if the RNA of the ribosomes (80 s) of rabbit reticulocytes were present as a continuous thread its molecular weight would be 2 x 106 (Dintzis, Borsook & Vinograd, 1958) . However, whatever the method of isolation, RNA was a mixture of two species differing in sedimentation coefficient. It is estimated that the molecular weights of these species are about 0 5 x 106 and about 1.5 x 106 on the basis of the relation between molecular weight and sedimentation coefficient derived by Hall & Doty (1959) and Kurland (1960) . One molecule of each could account for the total ribosomal RNA, as suggested by Hall & Doty (1959) for calf-liver ribosomal RNA. If so, the ultraviolet extinction of the 16-8s and 29-8s components would be in the ratio 1: 3, a value that was approached in several cases (cf. Bock, 1961) . However, the variability in this ratio, e.g. when the nucleic acid was isolated in parallel experiments from the same batch of ribosomes by different procedures (cf. Figs. 2a and 4) , indicates that the faster-sedimenting species is converted into the slower, in agreement with the observations of McCarthy & Aronson (1961) and Huppert & Pelmont (1962) . Thus the possibility remains that the RNA molecule is present within the ribosome as one continuous thread which is unavoidably damaged during isolation (cf. Boedtker et al. 1962) .
Acid-base properties. The properties of isolated ribonucleic acids have been widely studied since it was first proposed by Doty and his co-workers (Doty, Boedtker, Fresco, Hall & Haselkorn, 1959 a;  Vol. 89 581 R. A. COX AND H. R. V. ARNSTEIN Doty, Boedtker, Fresco, Haselkorn & Litt, 1959b; Fresco, Alberts & Doty, 1960) , that this polynucleotide has a well defined secondary structure in neutral salt solutions. The optical properties (Hall & Doty, 1958 Doty et al. 1959a, b) , X-ray diffraction patterns (Fuller, 1961; Spencer, Fuller, Wilkins & Brown, 1962) , mass per unit length (Timasheff, Witz & Luzzatti, 1961) , hydrodynamic properties (Doty et al. 1959a, b; Boedtker, 1959 Boedtker, , 1960 Spirin, 1960 Spirin, , 1961 Cox & Littauer, 1959 Cox, 1960; Littauer, 1960) and acid-base properties (Cox & Littauer, 1959 Cox, 1961 Cox, , 1962 Cox, , 1963a all support the concept of Doty et al. (1959a, b) that the polynucleotide chain may fold on itself to form helical domains stabilized by hydrogen bonds formed between complementary base residues. Specific nucleotide sequences were shown not to be a requirement for the formation of secondary structure (Doty et al. 1959 a, b; , since random copolynucleotides (Ortiz & Ochoa, 1958) formed by co-polymerization of adenylic acid, guanylic acid, uridylic acid and cytidylic acid have a marked capacity for forming ordered domains (Doty et al. 1959a, b; Breslow & Warner, 1959; Steiner, 1960; Lipsett, Heppel & Bradley, 1961; Cox, 1963b) . However, detailed studies of the acid-base properties of E. coli ribosomal RNA (Cox, 1961; Cox & Littauer, 1963) and rat-liver ribosomal RNA (Cox, 1961 (Cox, , 1962 (Cox, , 1963a revealed properties that suggested that in these cases secondary structure does not arise from a fortuitous mating of base residues arranged in a near-to-random sequence.
First, it was noticed that the pH-titration curve was different on forward-and back-titration from pH 7 to pH 3 to pH 7 Cox & Littauer, 1959 Cox, 1961 Cox, , 1962 , and that the two curves were accurately reproduced on successive cycles in a manner that is characteristic of hysteresis loops (cf. Fig. 6 b) . Similar behaviour was found (Cox, 1962 (Cox, , 1963a on titration of poly-(A + U), the complex formed between polyadenylic acid and polyuridylic acid. The hysteresis phenomenon can be explained if titration to pH 3 partly disrupts the secondary structure which is stable at pH 7, and enables adenine residues, for example, to interact with each other to form stable ordered domains which impede the return to the structure stable at pH 7. In accordance with this view the value of E26, of E. colti ribosomal RNA in 0-1 Msodium chloride, at about pH 3 0, increased by about 14 % over the range 25-80o; even in 1 mmsodium chloride, at pH 3-0, an increase in E260 of about 5 % was found over the range 40-70o, indi- cating the presence of stable domains at this pH. RNA from rabbit-reticulocyte ribosomes has similar properties (Fig. 6) . The explanation proposed for the hysteresis requires that the nucleotide sequence of ribosomal RNA allows the adenine nucleotides to interact to form ordered domains that are stable in acidic but not in neutral solutions. It is relevant that the biosynthetic co-polynucleotide poly-AGUC, which has a random nucleotide sequence (Ortiz & Ochoa, 1958) , does not appear to form stable domains in acidic solutions, since at pH 2-80 E260 was independent of temperature (R. A. Cox, unpublished work).
Secondly, increasing the temperature led to shifts in the pH-titration curve which would be predicted on the basis of the assumption that raising the temperature increases the sensitivity of helical domains to rupture in acidic solutions (Cox & Littauer, 1963) . Native but not denatured DNA has similar titration properties (Cox & Peacocke, 1957; Cavalieri & Rosenberg, 1957) .
Thirdly, the dependence on pH of the E280 :E260 ratio, which measures principally the ionization of cytosine residues, was similar for both E. coli ribosomal RNA and native DNA, and distinct from the dependence noted for poly-AGUC and denatured DNA (Cox, 1961 ) (cf. Fig. 7a ).
The change in the acid-base properties of E. coli RNA with temperature, taken together with the spectrophotometric-titration findings, suggest that most of the cytosine residues are present at pH 7 in ordered domains that are stable both to acid and to heat to an extent approaching that of native DNA. The acid-base properties of RNA from rabbitreticulocyte ribosomes are similar to those of RNA from E. coli ribosomes except that slightly more extreme pH values, in either acidic or alkaline solutions, or higher temperatures, have to be attained to disrupt secondary structure.
The temperature ranges over which the secondary structure of both E. colti and rabbit-reticulocyte ribosomal RNA 'melt' out are compared in Fig. 8 . The 'melting' ranges for poly-AGUC and RNA from turnip-yellow-mosaic virus are included for comparison. It is apparent that there is a tendency for the 'melting' range to depend on the probable proportions of A-U to G-C base pairs estimated from the nucleotide composition, as would be expected if, at pH 7, ordered domains were stabilized by interaction between complementary base pairs (cf. Spirin, 1960 Spirin, , 1961a Fresco et al. 1960) . The minor differences in the acid-base properties of E. coli and rabbit-reticulocyte ribosomal RNA which reflect the stability of secondary structure are therefore attributed to the difference in nucleotide composition. Ribosomal RNA is not homogeneous with respect to molecular weight. However, the nucleotide composition of the two components of E. colti ribosomal RNA have been shown to be similar (Spahr & Tissieres, 1959) , and the hydrodynamic properties respond in a similar manner (Cox & 582 1963 Vol. 89
RNA FROM RABBIT-RETICULOCYTE RIBOSOMES 583 Littauer, 1962) to changes in ionic strength, suggesting that the secondary structures have similar stabilities.
In conclusion, it is inferred that the nucleotide sequence of ribosomal RNA differs significantly from random. Sequences that include the majority of cytosine residues are such as to favour the formation of helical domains that are relatively stable to acid, alkali, heat and, as shown previously by viscosity measurements on E. coli RNA, to exposure to low ionic strengths (Cox, 1960; Cox & Littauer, 1962) . Also, there appear to be occasional sequences rich in adenine residues which form stable domains in acidic solutions. Fig. 9 indicates that domains comparable in stability and in adenine content with those formed by a co-polymer of adenylic acid (60 %) and uridylic (40 %) acid could be present in both E. coli and rabbit-reticulocyte RNA.
There is evidence for inhomogeneities in the distribution of base residues along the DNA molecule (Shapiro & Chargaff, 1960; Burton, 1960; Petersen, 1961; Geiduschek, 1962; Simha & Zimmerman, 1962) . This trend is apparently more extreme with ribosomal RNA. In contrast, turnip-yellow-mosaic-virus RNA which may act as a 'messenger' in protein synthesis (Ofengand & Haselkorn, 1961 ) has a small 'hysteresis loop' (the pH-titration curve pH 7 to pH 3 differed from the curve pH 3 to pH 7 byno more than 0-06 equiv./ 4 g.atoms of P at 250), providing a further indication that the nucleotide sequence of ribosomal RNA might differ significantly from that of 'messenger' RNA. SUMMARY 1. RNA was isolated from rabbit-reticulocyte ribosomes in better than 90 % yield by precipitation as the guanidinium salt. 2. After precipitation of the RNA, ribosomal protein was recovered from the guanidinium chloride solution by dialysis.
3. Ribosomal RNA was found to be an approximately equimolar mixture of two species having sedimentation coefficients, S20,w, of 16-8s and 29-8s.
4. The quality of the RNA, as judged by the proportion of the faster-sedimenting component and the sharpness of the boundaries, compared favourably with that of RNA isolated by extraction with aqueous phenol or sodium lauryl sulphate.
5. The sedimentation pattern of RNA did not depend on the extent to which the ribosome preparations function in the incorporation of labelled amino acids into peptide linkage, but pretreatment of ribosomes with ribonuclease led to polydisperse preparations of RNA.
6. Reticulocyte RNA was titrated electrometrically and spectrophotometrically. The results were consistent with the formation in neutral salt solutions of a stable secondary structure which was determined by a non-random nucleotide sequence.
